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2.1. Welding setup 
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2.2. Chemical analysis and material simulation 
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2.3. Metallographic and mechanic characterization 
3URFHGXUH RI PHWDOORJUDSKLF SUHSDUDWLRQ IRU FDUU\LQJ RXW WKH UHODWLYH KRW FUDFN OHQJWK 5+&/ LV VKRZQ
VFKHPDWLFDOO\LQ)LJD+HUHLQIRUHDFKSDUDPHWHUVHWXSLQWRWDORQHFURVVVHFWLRQ&6DVZHOODVRQHORQJLWXGLQDO
FURVVVHFWLRQ/&6RQHVXUIDFHJULQGLQJRQWRS6*WDQGERWWRP6*EZHUHSUHSDUHGIRUDZHOGVHDPOHQJWKRI
PPUHVSHFWLYHO\DQGJDXJHGE\OLJKWPLFURVFRS\7KHUHIRUHDOOVDPSOHVZHUHJULQGHGDQGSROLVKHGWRPDQG
HWFKHG ZLWK 1D2+ DFFRUGLQJO\ $Q H[DPSOH RI D KRW FUDFN GHWHFWHG LQ D VXUIDFH JULQGLQJ VKRZV )LJ F D
PDJQLILFDWLRQZLWKPHDVXUHGKRWFUDFNOHQJWKLVVKRZQLQ)LJE
D EF
)LJDVFKHPDWLFGUDZLQJRIPHWDOORJUDSKLFSUHSDUDWLRQLQFURVVVHFWLRQ&6ORQJLWXGLQDOFURVVVHFWLRQ/&6VXUIDFHJULQGLQJRQWRS6&W
DQGERWWRP6*EEPDJQLILHGKRWFUDFNZLWKPHDVXUHGOHQJWKLQFDQH[HPSODU\VXUIDFHJULQGLQJRQWRSVLGH6*W
,Q RUGHU WR GHWHUPLQH5+&/ WKH OHQJWKV RI VLQJOH FUDFNV /[ZHUH VXPPHG XS IRU DOO VHFWLRQV DFFRUGLQJ WR
(TXDWLRQ)RUGHWHUPLQDWLRQRIDUHODWLYHKRWFUDFNOHQJWKZLWKRXWGLPHQVLRQWKHDFFXPXODWHGOHQJWKLVGLYLGHG
WRWKHDQDO\]HGZHOGOHQJWKRIPP

 ൌ
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)RUWKHDQDO\VLVRIXOWLPDWHWHQVLOHVWUHQJWKSHUSHQGLFXODUWRZHOGVHDPZHOGHGVDPSOHVZHUHFXWE\ODVHUEHDP
DQGPLOOHGLQRUGHUWRUHPRYHWKHUPDOO\LQIOXHQFHGPDWHULDO7KHVSHFLPHQJHRPHWU\LVDFFRUGLQJWRVWDQGDUG',1
VKDSH³+´7HQVLOHWHVWVZHUHSHUIRUPHGRQDWHQVLOHWHVWHUZLWKFRQWLQXRXVWHVWYHORFLW\RIPPPLQ
+DUGQHVVPHDVXUHPHQWVZHUHFDUULHGRXWDFFRUGLQJWR9LFNHUVZLWKDPLFURKDUGQHVVWHVWHUXVLQJ1RIWHVWORDG
GXULQJ V GZHOO WLPH IRU HDFK PHDVXULQJ SRLQW 7KH 0HDVXUHPHQWV ZHUH SHUIRUPHG DV OLQHV V\PPHWULFDOO\
SRVLWLRQHG LQ WKHPLGGOHRI FURVV VHFWLRQVZLWKD UHVROXWLRQRIPPPP LQ UHJLRQRIQDUURZZHOG VHDPV
EHWZHHQVLQJOHLQGHQWHUSRLQWV,QWRWDODGLVWDQFHRIPPDQGPPUHODWLYHWRZHOGVHDPFHQWHUZDVDGMXVWHGLQ
RUGHUWRGHWHUPLQHKDUGQHVVRIZHOGVHDPKHDWDIIHFWHG]RQHDQGEDVHPDWHULDO
5HVXOWVDQGGLVFXVVLRQ
3.1. Chemical analysis and simulation of metallurgical properties 
&KHPLFDOFRPSRVLWLRQVRIZHOGVHDPVZHOGHGZLWKIRXUGLIIHUHQWZHOGLQJYHORFLWLHVDUHVKRZQLQ 7DEOH 
0HDQ YDOXHV DQG VWDQGDUG GHYLDWLRQV RXW RI PHDVXUHPHQWV RI HOHPHQW FRQWHQWV RI 6L )H &X0Q &U DQG 7L
LQGHSHQGHQWO\RIHQHUJ\SHUXQLW OHQJWKVKRZFRQVWDQWFRQFHQWUDWLRQVGXH WR WKHLUERLOLQJ WHPSHUDWXUHV VLPLODU WR
DOXPLQXP(VSHFLDOO\ IRUKLJKZHOGLQJYHORFLWLHVRIPPLQDQGPPLQPHDQLQJ ORZHQHUJ\SHUXQLW OHQJWK
QHDUO\QRORVVRIYRODWLOHHOHPHQWV0JDQG=QZLWKURXJKO\KDOYHGERLOLQJWHPSHUDWXUHVFRPSDUHGWRDOXPLQXP$O
& 0J & DQG =Q & RFFXUHV +RZHYHU E\ GHFUHDVLQJ ZHOGLQJ YHORFLW\ WR PPLQ
FRQFHQWUDWLRQRI0JGHFUHDVHVVOLJKWO\DQGORVVRI=QEHFRPHVPRUHFOHDUO\DWPPLQZHOGLQJYHORFLW\
 7DEOH0HDVXUHGHOHPHQWFRQWHQWLQFURVVVHFWLRQVRIZHOGVHDPVRIDOXPLQXP$$PPZHOGHGZLWKGLIIHUHQWYHORFLWLHV
 DQGPHDQFRQWHQWRIHOHPHQWVH[FHSWYRODWLOHHOHPHQWV0JDQG=QGXHWRHOHPHQWORVVQ 
(OHPHQWFRQWHQW>ZW@ 6L )H &X 0Q 0J &U =Q 7L $O
Y/ PPLQ 


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
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
$V HOHPHQW FRQFHQWUDWLRQV RI 6L )H &X 0Q &U DQG 7L GR QRW FKDQJH VLJQLILFDQWO\ PHDQ YDOXHV RI WKHVH
FRQFHQWUDWLRQVDUHXVHGDVFRQVWDQWLQSXWGDWDIRUPDWHULDOVLPXODWLRQ&RQFHQWUDWLRQVRIYRODWLOHHOHPHQWV0JDQG
=QZHUHLPSOHPHQWHGVHSDUDWHO\ZLWKPHDVXUHGYDOXHVIRUHDFKYHORFLW\
7KHFDOFXODWHGWHPSHUDWXUHVRIVROLGXVDQGOLTXLGXVZLWKUHVXOWLQJVROLGLILFDWLRQLQWHUYDOFDXVHGE\FKDQJHRI
HOHPHQWFRQFHQWUDWLRQGXULQJZHOGLQJDUHVKRZQLQ7DEOH&DOFXODWHGVROLGLILFDWLRQLQWHUYDOVRIZHOGVH[SHFWHGO\
GHFUHDVHZLWKLQFUHDVLQJORVVRI0JDQG=Q+LJKZHOGLQJYHORFLWLHVPPLQDQGPPLQFDXVHORZHOHPHQW
ORVVDQGKHQFHVROLGLILFDWLRQLQWHUYDOVFKDQJHZLWKLQ&'HFUHDVHRIVROLGLILFDWLRQLQWHUYDOVEHFRPHVFOHDUHUDW
ORZZHOGLQJYHORFLWLHVIURPPPLQWRPPLQDQGPPLQWRPPLQZLWKYDOXHVRI&DQG&
UHVSHFWLYHO\ZKLFKLVFRPSDUHGWRVSHFLPHQZHOGHGZLWKDYHORFLW\RIPPLQ7KLVOHWH[SHFWDVPDOO
UHGXFWLRQRIKRWFUDFNLQJVXVFHSWLELOLW\ZLWKGHFUHDVHGZHOGLQJYHORFLW\DVDUHVXOWRIORVVRIYRODWLOHHOHPHQWV0J
DQG=Q
 
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7DEOH&DOFXODWHGVROLGXVDQGOLTXLGXVWHPSHUDWXUHDQGUHVXOWLQJVROLGLILFDWLRQLQWHUYDODVUHVXOWRIHOHPHQWORVVGXHWRZHOGLQJLQ
GHSHQGHQFHRIZHOGLQJYHORFLW\
:HOGLQJYHORFLW\>PPLQ@ 6ROLGXVWHPSHUDWXUH>&@ /LTXLGXVWHPSHUDWXUH>&@ 6ROLGLILFDWLRQLQWHUYDO>&@ 'HFUHDVH>@
    
    
    
    

7KHFKDQJHVLQVROLGLILFDWLRQLQWHUYDOUHVXOWLQGLVWLQFWLRQVRIOLTXLGYLVFRVLW\DQGDYHUDJHH[SDQVLRQFRHIILFLHQW
7KHVHDUHDOVRFDOFXODWHGE\-0DW3URIRUPHDVXUHGFRQFHQWUDWLRQV LQZHOGVDQGVKRZQLQ)LJIRU WHPSHUDWXUHV
DURXQGVROLGLILFDWLRQ'XHWRORZHVWVROLGXVWHPSHUDWXUHZLWKKLJKHVWFRQWHQWRI0JDQG=QOLTXLGYLVFRVLW\DVZHOO
DV DYHUDJH H[SDQVLRQ FRHIILFLHQW LV DWPD[LPXP OHYHO$QDORJRXV WR WKH GHFUHDVLQJ VROLGLILFDWLRQ LQWHUYDO GXH WR
GHFUHDVLQJFRQWHQWVRI0JDQG=QFDXVHGE\ZHOGLQJYHORFLW\ OLTXLGYLVFRVLW\GHFUHDVHVDQGDYHUDJHH[SDQVLRQ
FRHIILFLHQW LQFUHDVHV ZLWK WHPSHUDWXUH $FFRUGLQJ WR .DWJHUPDQ DQG (VNLQ  WKLV VKRXOG SRVLWLYHO\ DIIHFW
OLTXLGSUHVVXUHDQGPHOWIORZLQWKHPXVK\]RQHDQGKHQFHUHGXFHKRWFUDFNLQJVXVFHSWLELOLW\


)LJ/LTXLGYLVFRVLW\DQGDYHUDJHOLQHDUH[SDQVLRQFRHIILFLHQWRI$$LQGHSHQGHQF\RIWHPSHUDWXUHLQUHJLRQRIVROLGLILFDWLRQVLPXODWHG
IRUFKDQJHGFRQFHQWUDWLRQVRI0JDQG=QGXHWRGLIIHUHQWZHOGLQJYHORFLWLHVRIPPLQPPLQPPLQDQGPPLQPHDQLQJFKDQJHG
HQHUJ\SHUXQLWOHQJWKIRFXVGLDPHWHURIP
3.2. Metallographic and mechanic analysis 
7KH UHVXOWLQJ FURVV VHFWLRQV RI ZHOGV ZLWK GLIIHUHQW ZHOGLQJ YHORFLWLHV DUH DQDO\]HG E\ PHWDOORJUDSKLF
LQVSHFWLRQV,WFDQEHVHHQLQ)LJWKDWGXHWRKLJKYDSRUSUHVVXUHFDXVHGE\0JDQG=QORVVRIYROXPHGXULQJ
ZHOGLQJE\VSDWWHUIRUPDWLRQRFFXUVDQGUHVXOWVLQUHGXFHGFURVVVHFWLRQDUHDLQWKHZHOGVHDPV%HVLGHVWKDWOLWWOH
SRUHIRUPDWLRQFDQEHGHWHFWHGIRUDOOZHOGLQJSDUDPHWHUV,QGHSHQGHQF\RIZHOGLQJYHORFLW\ZLGWKDQGVKDSHRI
ZHOGVHDPFKDQJHV)LJDVKRZVDZHOGVHDPZHOGHGZLWKPPLQZKLFKUHVXOWVLQSDUDOOHODQGQDUURZVKDSH
RIFURVVVHFWLRQ:LWKGHFUHDVLQJYHORFLW\ZHOGVHDPEHFRPHVPRUHEURDGDQGYVKDSHG


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DYO PPLQ EYO PPLQ FYO PPLQ GYO PPLQ
)LJ&URVVVHFWLRQVRIZHOGVHDPVZHOGHGZLWKGLIIHUHQWYHORFLWLHVDPPLQEPPLQFPPLQDQGGPPLQZLWKPVSRW
GLDPHWHUDQGPPWKLFNVKHHWV
$VKRW FUDFNV LQZHOG VHDPVPRVWO\ DUHRULHQWDWHGSHUSHQGLFXODU WR VROLGLILFDWLRQGLUHFWLRQ VHH)LJ E WKH\
PRVWO\DUHQRWYLVLEOHLQFURVVVHFWLRQV+RZHYHULQVXUIDFHJULQGLQJVDQGORQJLWXGLQDOFURVVVHFWLRQVKRWFUDFNVDUH
GHWHFWDEOH7KHUHODWLYHKRWFUDFNOHQJWK5+&/PHDVXUHGDQGFDOFXODWHGIRUDOOZHOGLQJYHORFLWLHVDFFRUGLQJWR
(TXDWLRQLVOLVWHGLQ7DEOHZKLFKFOHDUO\VKRZVWKDW5+&/GHFUHDVHVZLWKZHOGLQJYHORFLW\,QPHWDOORJUDSKLF
LQVSHFWLRQVRIVDPSOHVZHOGHGZLWKPPLQDQGPPLQQRKRWFUDFNVFDQEHGHWHFWHG7KLVLVLQJRRGDJUHHPHQW
WR WKH FDOFXODWHGGDWD RQEDVLV RI HOHPHQW FRQFHQWUDWLRQ%HVLGHV DQ LQFUHDVHGYDSRUL]DWLRQ HVSHFLDOO\ RI YRODWLOH
HOHPHQWV 0J DQG =Q WHPSHUDWXUH GLVWULEXWLRQ H[WHQGV DQG KHQFH VROLGLILFDWLRQ WLPH EHFRPHV ORQJHU ZKLFK
FRQWULEXWHVWRDYRLGKRWFUDFNV%HUJPDQQ et al.(2013+RZHYHUKHDWDIIHFWHG]RQH+$=LQFUHDVHZKLFKFRPHV
DORQJZLWKVRIWHQLQJDQGGHFUHDVHRIKDUGQHVVOHYHODQGVWUHQJWK
7DEOH5HODWLYHKRWFUDFNOHQJWK5+&/RIZHOGVHDPVFDOFXODWHGDFFRUGLQJWR(TXDWLRQLQGHSHQGHQF\RIZHOGLQJYHORFLW\DQG
HQHUJ\SHUXQLWOHQJWK
:HOGLQJYHORFLW\>PPLQ@ (QHUJ\SHUXQLWOHQJWK>N-P@ 5+&/>@
  
  
  
  

'LPHQVLRQV RI +$=V DV ZHOO DV VRIWHQLQJ LQ ZHOG VHDPV DUH LQYHVWLJDWHG E\ PHDQV RI PLFUR KDUGQHVV
PHDVXUHPHQWVZKLFKDUHYLVXDOL]HGLQ)LJ+$=LQFUHDVHVZLWKHQHUJ\SHUXQLWOHQJWKWKHVRIWHQHGUHJLRQZLWK
KDUGQHVV OHYHOEHORZEDVHPDWHULDO DSSUR[+9ZLGHQV IURPPPLQFLSLHQWZLWKPPLQ WRPP
ZLWKPPLQPPZLWKPPLQDQGPPZLWKPPLQZHOGLQJYHORFLW\ZKLFKDVZHOOOHWH[SHFWGHFUHDVHG
WHQVLOHVWUHQJWK
,QRUGHU WR LQWHUSUHW WKH LQIOXHQFHRIFKDQJHGHOHPHQWFRQFHQWUDWLRQVDQGHQHUJ\SHUXQLW OHQJWKRQKRWFUDFNV
PHFKDQLFDOO\ WHQVLOH WHVWVZHUH UHDOL]HG7KH UHVXOWLQJXOWLPDWH WHQVLOH VWUHQJWKV 876VZLWK VWDQGDUGGHYLDWLRQV
RXWRIUHSHWLWLRQVFRPLQJIURPWZRZHOGHGVSHFLPHQVUHVSHFWLYHO\DUHVKRZQLQ)LJ,QJHQHUDO876RIEDVH
PDWHULDOFDQQRWEHUHDFKHGEHFDXVHRIWKUHHUHDVRQV)LUVWRIDOOKHDWGLVWULEXWLRQGXULQJZHOGLQJFDXVHVVRIWHQLQJLQ
ZHOGVHDPDQG+$=6HFRQGYROXPHORVVDQGVSDWWHUIRUPDWLRQGXULQJZHOGLQJGHFUHDVHVFURVVVHFWLRQDUHDZKLFK
OHDGV WRXQGHUHVWLPDWHVWUHQJWK7KLUGKRWFUDFNVRFFXUDQGUHGXFHVWUHQJWKDVZHOO$VYROXPH ORVVVHHPV WREH
QHDUO\FRQVWDQWZLWKLQGLIIHUHQWZHOGLQJYHORFLWLHV VHH)LJKRWFUDFNVDQGVRIWHQLQJDUH WKHPDLQ UHDVRQV IRU
UHGXFHG876:HOGLQJYHORFLW\RIPPLQUHVXOWVLQVSHFLPHQVZLWKKLJKHVW5+&/KRZHYHUPHDQ876UHDFKHV
03DZKLFKLVVLPLODUWRVSHFLPHQVZHOGHGZLWKDYHORFLW\RIPPLQZKLFKFRQWDLQQRKRWFUDFNVDQG
KDYHPHDQ876RI03D$VLPLODUFRUUHODWLRQRFFXUVZKHQFRPSDULQJZHOGLQJYHORFLW\RIPPLQ
ZKLFKUHVXOWVLQ5+&/RIDQGPHDQ876RI03DDQGZHOGLQJYHORFLW\RIPPLQZKLFKUHVXOWVLQ
QRKRWFUDFNVDQGJHQHUDWHPHDQ876RI03D2ZLQJWRWKHIDFWWKDW+$=GHFUHDVHVZLWKLQFUHDVLQJ
ZHOGLQJYHORFLW\DKLJKHUOHYHORI876FDQEHH[SHFWHGE\XVLQJPPLQDQGPPLQZHOGLQJYHORFLW\LQFDVHRI
DYRLGHGKRWFUDFNV

PP  PP PP PP
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
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